Introduction
Bone is a kind of hard tissue that plays a critical role in supporting the whole body and maintaining the life activity of a human being. The main functions of the bone are to bear stresses and to support the weight of human bodies. In turn, external stresses can alter the structure, shape, and density of the bone to adapt to the load, known as bone remodeling, which obeys Wolff's Law. Moreover, bone has unique electromechanical behaviors, such as piezoelectric effect (Fukada and Yasuda, 1957; Qin and Ye, 2004; Qu et al., 2006) and streaming potentials Eriksson, 1968, 1970; Pienkowski and Pollack, 1983) , which are termed as stress generated potentials in bone (SGP). Bone is complex not only in its hierarchical structure with anisotropic mechanical properties but also in its electromechanical properties. Various methods have been developed for comprehensive understanding of the electromechanical properties of bone (Atsushi, 2015; Hastings, 1988; Isaacson and Bloebaum, 2010; Qin et al., 2005; Qin and Ye, 2004; Ren et al., 2015; Rosa et al., 2015) . It was found that when a bone is being loaded, its piezo-voltage decay follows a stretched exponential law (Hou et al., 2011) . Using a piezoelectric force microscope, Halperin et al. studied the piezoelectric effects in both, wet and dry bone at nano-scale and obtained a piezo-response image with nanometer scale resolution (Halperin et al., 2004) . Aschero et al. investigated the converse piezoelectric effect of bone through measuring its bulk change induced by an electric field (Aschero et al., 1996) . Wieland et al. used X-ray micro-diffraction to study the inverse piezoelectric effect of bone and measured the shear strain induced in a femur by an electric field (Wieland et al., 2015) . Itoh et al. reported that charges induced by an external electric field can affect bone growth as well as osteoblast activity (Itoh et al., 2006) , which indicated that electrical signals may play an important role in bone remodeling processes. Studying the electromechanical properties of bone not only can help us to understand the nature of bone materials, but also have clinical significance. This study indicates that a square waveform electric field can makes a bone cantilever bend and the bending response of the bone with time is associated with the collagens in bone. Additional experiments reveal several aspects of the electromechanical properties of bone.
Materials and methods

Specimen preparation
Seven cortical bone specimens used in this study were taken from the mid diaphysis of dry degreased bovine tibias (age 2-3 years) and machined into rectangular beams with a length of 60 mm, thickness of 0.8 mm and width ranging from 7 to 8 mm. Each specimen's axes and surfaces were parallel to the axis and side surface of the diaphysis respectively.
Experimental setup
The measurement system is illustrated in Fig. 1 . The specimen was clamped at its bottom end in a cantilever fashion and was placed between a pair of parallel copper plate electrodes 5 mm apart. The span of the cantilever was 45 mm. A high voltage amplifier (Trek 610D-k-CE H.V. Supply Amplifier/controller, Trek Inc.) was used to apply a voltage between the electrodes, producing a uniform electric field in the gap between them. The left electrode was grounded and the right one was connected to the voltage output terminal. The direction of the electric field could be changed by a switch on the instrument panel. A digital microscope (Hirox KH-7700, Hirox Co., Ltd.) was used to take digital images of the upper surface at the free end of the cantilever, which the total time required for capturing, converting and saving one digital image was one second. The size of the view field of the microscope was 110 μm × 82.5 μm corresponding to 1600 pixels × 1200 pixels (resolution: 0.0688 μm/pixel). In order to investigate the time response of bending deformation of the bone specimens, the measurement system was improved by increasing its image acquisition speed. Taking advantage of the digital microscope having a VGA (Video Graphic Array) output port, a frame grabber (Mafite M1202, Liangrumei Technology Co., Ltd.) was used to convert the video signals, output from the microscope, into digital images synchronously and to save them in the computer. With this grabber the image acquisition speed reached 15 fps, as shown in Fig. 1 . 
Experimental procedure
A reference image was taken before an electric field was applied to the specimen. Then, a square waveform voltage with an amplitude of 3000 V was applied between the two electrodes, with the corresponding electric field intensity of 6×10 5 V/m. The waveform of the voltage was recorded by an oscilloscope (LeCroyWavesurfer 3054, Teledyne LeCroy Inc.). The duration of the waveform was about 10 seconds and the rising and falling edges were shorter than 0.2 ms. Once the voltage was applied, the microscope with the image grabber began to capture the deformed images at an acquisition rate of 15 fps for about 11 s. Total 150-170 deformed images were recorded for each measurement. Then, the details of the bending deflections at the free end of a specimen versus time were obtained by a correlation algorithm (Bing et al., 2009; Sutton et al., 1986) between the reference image and the deformed images.
Characteristics of the results
The bending feature of the specimen
In our previous work (Xu et al., 2015b) , we found that a bone cantilever can be bent by the electric attractive force caused by an electric field or voltage. The deflection of the cantilever is proportional to the square of applied voltage, and its bending direction is towards the ungrounded electrode (right electrode) regardless of the sign of the applied voltages. When the right electrode is grounded, the specimen will bend towards the left. The results can be obtained from any of the seven specimens tested, and the significant results of this work are the following. Fig. 2 shows the measurement results of the specimen 1. The red curve is the deflection and the blue one denotes the waveform of the applied voltage. The positive deflections represent the bending direction towards the ungrounded electrode (right). The red curve shows that once the electric field is applied the bone cantilever begins to bend and its deflection increases monotonously to a peak value within about 1.6 s. After that, the deflection begins to decrease gradually during the constant voltage period, and when the electric field is removed, the deflection drops abruptly to zero. There are two features in the deflection curve. The first one is that the deflection at the free end of the bone cantilever reaches its peak value in about 1.6s, which we call delay increase, and the second one is that the deflection decreases gradually during the constant voltage period, seeming like a 'relaxation '. Bone is mainly composed of organic collagen and inorganic hydroxyapatite (HA), hence the features of the deflection curve reflect the properties of the collagen and HA.
Time-response of bending of bone with and without collagens
To identify the contribution of the two components to the bending features of the bone, we removed the collagens from the bone specimens, by calcinating them at 500~550℃ for 15 mins in a furnace, which can remove the collagens from a bone specimen completely. The calcined bones become brittle, and their porosity is increased as described in the literatures (Raspanti et al., 1994; Figueiredo et al., 2010) . Literature (Nicholson, 1992) shows that the elastic modulus and modulus of rupture of bone can decrease 80% and 95% respectively at the temperature of 500~600℃. Five of the seven specimens were calcined successfully, and two were broken into several pieces during calcinating process. Then, bending deflections of the five calcined specimens were measured in the same conditions as described above. For comparison, the results of the burnt bone (without collagen) and the unburnt bone (with collagen) are plotted in Fig. 2 . The red and black curves are the deflection responses of specimen 1 with and without collagens respectively, and the blue curve depicts the waveform of voltage or electric field applied. The difference between the red and black curves is obvious. Once the electric field is applied, the deflection of bone without collagens increases to its maximum value almost immediately instead of delaying for over one second. However, after the two curves reach their maximums respectively, both decrease gradually in a similar manner, during the constant voltage period.
Fig. 2. Deflections versus time of specimen 1 with and without collagens. Red denotes
the specimen with collagens, while the black denotes the calcined specimen. Blue denotes the waveform of the applied voltage.
Seven bone specimens were measured and five of them were calcined and measured successfully. Fig. 3 shows the bending curves of the other four specimens. It is obvious that they have the same bending response as the specimen 1. To identify the time response feature of bending of the specimens, the maximum deflections of the specimens are shown in the column diagram of Fig. 4 . The horizontal ordinate denotes specimen numbers. The heights of the red and black columns represent the maximum deflections of the bone specimens with and without collagens respectively. The times corresponding to the peak deflections of bone are listed in Because the specimen is in the gap between the two electrodes and does not contact any object, the bending of it is caused by the electric field force which must concern to the electric properties of bone. However, whether the electric field still affects the mechanical properties of bone is also one of the objectives of following analyses.
Discussion
The experimental results demonstrate that the organic component-collagens domain the behavior of delay increase. This is the first result of the study and the consequent issue is to attempt to investigate the electromechanical coupling mechanism, which may include several principles such as piezoelectricity, electrostriction and flexoelectricity or mechanical properties of bone.
Curve Fitting
We fitted the deflection curves using exponential functions and found that each deflection curve of a specimen with collagens can be well fitted by two exponential functions with different time constants. The ( ) below represents the fitting function ( ) = 0 + − / 1 + − / 2 (1) where A, B and x 0 are fitting constants, 1 and 2 are time constants. Fig. 5 illustrates the fitting curves for specimen 1, the blue line represents the fitting curve and red scatters are the measured values. All the fitted parameters of the seven specimens are listed in Table 1 . The time responses of the specimens without collagens are also fitted, though they are relatively simple. These curves decrease monotonically and one exponential decay model is employed to fit a curve. Equation (2) is the fitting function ( ) = 0 + − / (2) where is the fitting time constant. Fig. 6 is the fitting curve of specimen 1. Table 2 lists the five fitting time constants of the five specimens without collagens. is in the same order of magnitude as 2 in equation (1).
[ Fig. 6 Fitting curve for calcined specimen 1.] In the fitting function (1), the two exponential terms with different time constants suggest that the form of equation (1) is the same as a solution of a motion equation of a vibration system based on a Kelvin viscoelastic model (Flügge, 1975; Nashif et al., 2001) , which consists of a spring and a dashpot in parallel. Considering that one end of the model is fixed and a mass m is connected to the other end, and let k represent the spring constant and η as the damping constant. Under the action of an external force F acting on the mass, the governing equation of the model is "( ) + ′( )/ + ( )/ = / (3) where x is the displacement of the mass from equilibrium position. If the system is over-damped ( 2 − 4 > 0), and the external force F is a step function, then the solution is ( ) = − / 1 + − / 2 + / (4) where the time constants 1 and 2 are the function of the material property parameters η, k, and m. The non-zero constants A and B can be determined by the initial conditions. If selecting suitable parameters for equation (4), it can be equivalent to equation (1) in terms of the form and values. However, equation (1) does not mean that its bending response just associates with mechanical properties of bone such as elasticity or viscoelasticity. Dry bone is a weak viscoelastic material and does not have over damping properties, which is indisputable. That the deflection dropping to zero abruptly, once the electric field is being removed, displayed in Fig. 2 and Fig. 3 , demonstrates the strong spring property of bone. In order to determine whether the mechanical properties of dry bone can be affected by an electric field, an additional experiment was carried out, for measuring the vibration features of a bone cantilever being inside and outside an electric field respectively. A single-point laser vibrometer (Polytec OFV-5000, Polytec Inc.) was aligned along the x direction (Fig. 1) , to measure the vibration of the bone cantilever portion over the electrodes. The bone cantilever was excited in free vibration by forcing it a micro bending deflection with a micro-positioning stage.
[ Fig. 7 Displacement vibration and corresponding frequency spectra of bone cantilever inside and outside an electric field.] Fig. 7 shows the displacement vibrations of the cantilever with respect to time and the corresponding frequency spectra. The curves in Fig. 7 show that the cantilever vibrates freely both inside and outside the electric field, which means that dry bone does not have over damping property inside an electric field. The first order natural frequencies of the cantilever in the two states are equal to 130.6 Hz. Generally, the natural frequencies of a cantilever depend on its geometric dimensions, density and elastic modulus. Because the changes of specimen's geometry and density, induced by the electric field, are almost negligible, the equality of the two natural frequencies demonstrates that the elastic modulus of bone in the two states are almost the same. Therefore, it can be concluded that the features 'delay increase' and 'relaxation' reflect the electric properties of bone instead of mechanical properties. It should be noted that the bending deflection responses of bone, as showed in Fig. 2 and Fig. 3 , must include vibration but cannot be measured by the experiment setup shown in Fig. 1 . The reasons are that the amplitudes of vibration are too small to be tested by the setup used, and the frame grabber cannot capture high frequency displacement signals.
Polarization behavior of bone
Maxwell-Wagner polarization in bone
The exponential term with time constant 1 (one order of magnitude smaller than 2 ) in equation (1) depicts the 'delay increase', which describes intuitively the main initial increasing portion of the deflection curve. Regarding the physical meaning, it should be associated with electric properties such as dielectric polarization of bone. The polarization mechanism of bone depends on its structure. Bone is a hierarchically structured composite of HA mineral reinforced by the collagen fibrils (Kohles and Martinez, 2000) . The HA micro crystals are embedded into the collagen fibrils forming the mineralized collagen fiber. There are at least three typical hierarchical levels in cortical bone. They are the collagen-HA crystal composite with micro spaces between the crystallites (20-60 nm); the layered lamellae with lacunae-canaliculi pores (0.1 μm); and the arrangement of lamellae into cylindrical structures (osteons) with Volksmann canals and Haversian lumens (20-50 μm). The hierarchical structure of bone explains that the electric polarization types occurring in it are more than typical dipolar and ionic polarization, whose polarization time is much shorter than the order of a millisecond (Jonscher, 2008) . The bone meets the Maxwell-Wagner polarization geometrical conditions. Maxwell-Wagner polarization, also known as "interfacial polarization" or "space charge polarization", occurs in a composite composed of segregated constituents with different dielectric permittivity and electrical conductivity at the inner interfaces of different constituents (Wagner, 1914) . Besides the geometric porous structure, the electrical conductivities of collagen and HA in bone are in different orders of magnitude (Andrabi and Behari, 1981) , it is reasonable to take the interfacial polarization into consideration. Different with the dipolar and ionic polarization, the polarization time of the Maxwell-Wagner polarization amounts to 10 -1 s to several hours. Although the viscoelasticity of dry bones is weak, it may also affect the polarization of collagens in a certain extent. When the collagens in bone are subjected to an electric field, the rotation of the electric dipoles or polarization in the collagens may be resisted by the viscoelasticity, which may slow down the polarization speed of bone. Although we cannot determine the affection exactly, it is equivalent to change the electric properties of collagens, which is one of the reasons for the formation of Maxwell-Wagner polarization. Hence, the relative slow Maxwell-Wagner polarization is responsible for the 'delay increase'. During the initial phase of the electric field loading, the dielectric polarization of the bone specimen, between the two electrodes, increases relatively slowly, and then the amount of polarization electric charges accumulated on the specimen surfaces increases slowly accordingly, which leading to the electric field attracted force acted on bone specimen by the electric field increases slowly. Therefore, the bending deflection of a bone specimen with collagens increases slowly at the initial phase of electric field loading. When the collagens are removed from bone, the remaining inorganic constituent is mainly the basic calcium phosphate HA. Hence, the relatively slow Maxwell-Wagner polarization is not the dominant polarization type any more in HA and only relative faster dipolar polarizations occur as it is inside an electric field. This is the reason why the bending deflection of a burned bone specimen increases rapidly to its peak value once the electric field is applied.
Complex actions of electromechanical properties in bone
The last issue is to comprehend the reason of 'relaxation'. Why the bending deflection of bone, with and without collagens, cannot maintain constant in constant electric field. To determine that is the general behavior of dielectrics or the inherent property of the bone, comparative experiments were carried out. We measured the deflection response of two cantilevers made of two typical dielectric materials: the polymethyl methacrylate (PMMA) and the polytetrafluoroethylene (PTFE), in the same conditions as the bone underwent in this study. The results are shown in Fig. 8 , and the purple and green curves denote the deflection response of the PMMA and PTFE respectively. The responses of the two materials are similar. Once the voltage is applied, their deflections increase to their constant values almost immediately (without delay), and keep constant in the constant electric field. When the electric field is removed, the deflections drop to zero immediately. Another difference of the responses is that the bending directions of PMMA and PTFE depend on the sign of the electric field. When the voltage applied to the electrodes is switched from positive to negative, the deflections of the two materials also turn to the opposite direction.
[ Fig. 8 Deflections of PMMA specimen and PTFE specimen versus time. Blue denotes the waveform of the applied voltage. Purple denotes the deflections of the PMMA specimen and green denotes the PTFE specimen respectively.]
This study does not intend to investigate the dependence of bending direction of PMMA and PTFE on the sign of electric field. However, their experimental results demonstrate that the bending deflections are constant in a constant electric field, which means that bone has its own dielectric feature, though we can not determine whether this is bone's particular characteristic now. Next, we try to make it clear on the understanding about the 'relaxation' in bone. It has been found that Piezoelectric effect (Dragan, 1998; Fukada and Yasuda, 1957) , electrostrictive effect (Watanabe et al., 2003; Xu et al., 2015b) and flexoelectric effect (Maranganti et al., 2006) are the three electromechanical coupling effects in some dielectric materials, which can cause electric polarization in dielectrics. Electrostrictive and flexoelectric effects can be found in any general dielectrics. The flexoelectric effect mainly occurs in nano materials, and in most dielectrics the actions of flexoelectricity are too weak to be tested. As mentioned, the reason causing the bending of bone is the electrostriction effect for which the polarization of bone is proportional to the square of electric field. Literature Xu (Xu et al., 2015b) concludes a formula that the deflection of bone is proportional the square of the voltage applied. The piezoelectricity is also a bone inherent property that is a first order effect, for which the deformation of bone caused by converse piezoelectricity is proportional to the intensity of electric field. Because bone is a kind of nano materials, the flexoelectric effect exists in bone, for which the polarization via flexoelectricity is proportional to the gradient of strains. The deflection caused by the converse piezoelectricity of bone was not obtained in our experiments. If that were detected, the total deflections measured would be the superposition of the two displacements caused by electrostriction and piezoelectricity respectively, and the deflections induced by positive and negative voltage would not be identical. However, the deflections measured corresponding to the positive and negative voltages are almost equal, which suggests that the piezoelectricity of bone does not contribute the bending deflection or its contribution is too small to be detected by the setup used. It should be noted that if an alternative electric field is applied to the electrodes, the bone cantilever can be caused to vibrate. While the cantilever of bone is in the resonance state, its vibration amplitudes of the bending deflection are must greater than those obtained in the above experiment. However, the digital image acquisition rate of the system used in this study is only 15 fps, which is too slow to capture sufficient images for the analysis of vibration data. The flexoelectric effect in bone may play a role for the 'relaxation'. When a bone subjected to an external electric field inducing nonuniform deformation in its bulk, the strain gradient can induce electric polarization via the flexoelectricity effect. When the bone specimens with and without collagens become bended, induced by an electric field, the strain gradients across the thickness of the specimens (versus x coordinate, Fig. 1 ) occur and especially the strain concentrations are even higher around the microspaces in bone. The flexoelectric polarization electric charge will accumulate on the bone specimen's surfaces facing the electrodes, for which the charges are additional besides those induced by the electric field based on electrostriction. However, the sign of the charges induced by flexoelectricity is just opposite to the sign of those caused by the electrostriction (Abdollahi et al., 2014; Mosgaard et al., 2014) . In other words, the electric charges on the bone surfaces upon by flexoelectricity counteract the charges upon by electrostriction. When an electric field is applied, the bone specimen just begins to bend and there are no strain gradients in the bulk of bone. After the electric field becomes constant the bent bone specimen would keep bending in constant, if there were no flexoelectricity in the bone. In fact, the electric charges induced by the bending strain gradients in bone decrease the polarization intensity, thus, the electric force on the specimen becomes weak, and then the specimen will spring back to its initial equilibrium position gradually. This may be the real reason for the 'relaxation'. We can say that the strain gradient in bone can impact the moving status, when the bones with and without collagens are in an electric field. Considering the time constant 2 in equation (1) and in equation (2), they are similar in value, and the time constant represents the 'relaxation' of burned bone or HA in bone. The time constant 2 represents mainly the 'relaxation' of bone in the portion beyond the maximum point of the bending curve according to Fig. 2 and Fig.  3 . By analogy, the 'relaxation' can also be caused by HA in bone. Then, we can say that the organic collagens decrease the electric polarization rate of bone, which leads to the 'delay increase' and 'relaxation' lies on the inorganic component of bone.
The ultimate purpose of the study on electromechanical properties of bone is to understand bone's electric behavior for clinical application. Both dry and wet bones are dielectrics (Kosterich et al., 2007; Reddy and Saha, 1984) , and they both have piezoelectricity, electrostriction and other electromechanical properties belong to dielectrics (Minaryjolandan and Yu, 2009; Xu et al., 2015a) . It can be say that the electromechanical behaviors of dry bone reflect the electromechanical properties of wet bone to a certain extent.
Conclusions
The electromechanical properties of bone manifest in several aspects. When subject to a square waveform electric field, the bending response of a bone cantilever with time is different from that of a bone specimen without collagens. The bending deflection response of a bone cantilever with collagens shows a delay increasing feature, which takes about one second for reaching its maximum deflection, whereas the bending deflection increases almost immediately to its maximum value within the same electric field, when the collagens are removed from the specimen. An additional experiment demonstrates that the electric polarization induced by an external electric field, is from Maxwell-Wagner polarization mechanism, for which the polarization rate is relatively slow and leads to the delayed increasing deflection. The second finding is that an electric polarized bending bone cantilever, in a constant electric field, springs back to its initial position gradually instead of holding bending constantly like general dielectrics. Another additional experiment demonstrates that the flexoelectricity effect in bone hydroxyapatite governs the behavior. 
